Should microcirculation monitoring be used to guide fluid resuscitation in severe sepsis and septic shock? COMMENTARY Tissue hypoperfusion and subsequent limited oxygen transport are critical features conducting to organ failure during shock states. Therefore, early identification of tissue hypoperfusion and adequate resuscitation are key for improving the probability of survival after septic shock. (1, 2) However, how to identify organ perfusion abnormalities at the bedside and select the type and amount of fluids required to improve tissue hypoxia remain highly controversial. Traditionally, clinical signs, such as reduced blood pressure and urinary output, altered consciousness, and mottled skin, have been used to identify tissue perfusion abnormalities. Consequently, current hemodynamic monitoring during shock states mainly focuses on detection of pressure-derived hemodynamic variables related to systemic circulation. However, it has been largely recognized that monitoring these macro-hemodynamic variables is not sufficient to rule out persistent abnormalities of tissue oxygenation. Indeed, the usefulness of resuscitation targets, such as global oxygen-derived parameters, has been strongly questioned, (3) and recent data have failed to demonstrate beneficial effects of using central venous oxygen saturation as a goal of resuscitation. (4) (5) (6) Fluid resuscitation therapy primarily aims to optimize cardiac output on the assumption that increasing macro blood flow can improve the convective transport of oxygen to the tissues and, therefore, maintain cellular respiration and support organ function. (7, 8) Thus, fluid therapy targeting central venous pressure has been widely recommended to achieve adequate cardiac performance. (9) However, high positive fluid balances have also been associated with unfavorable clinical outcomes. (10) In this sense, dynamic approaches to assessing volume responsiveness to fluid administration seem to be superior to static variables. (11, 12) Unfortunately, macro-hemodynamic optimization guided by either dynamic or static variables does not guarantee adequate tissue perfusion or adequate cellular respiration.
Oxygen transport to tissues is governed by convective and diffusive components. The convective component is determined by the microcirculatory blood flow itself, i.e., the number of red blood cells (RBCs) entering the microcirculation, and by oxygen content. In normal conditions, inflow and outflow pressures control the driving pressure at the microvascular level. Thus, the convective transport is regulated upstream at the arteriolar level through microcirculatory inflow changes with subsequent micro-hematocrit modifications and is limited downstream by venous pressure. Meanwhile, the diffusive component of oxygen transport is determined by the gradient between the capillary and mitochondrial oxygen partial pressures, the diffusional distance and the area available for gas exchange, according to Fick´s law.
Unfortunately, current resuscitation procedures are based on the assumption that defects in oxygen transport arise from a lack of perfusion. Thus, resuscitation efforts are mostly focused on the promotion of convective flow based on the assumption that hypovolemia is the main limiting factor of blood flow. However, a substantial contribution of oxygen tissue transport is determined by the capacity of diffusion of oxygen from RBCs to the cells, and this can be quantified by functional capillary density (FCD), i.e., the density of capillaries with flowing RBCs carrying oxygen. In normal conditions, the microvascular blood flow is carefully matched to the metabolic demands of tissues. However, septic shock is characterized by decreased FCD in addition to increased heterogeneity of blood flow, with zones of well-perfused vessels in close proximity to non-perfused capillaries. (13) The persistence of such alterations has been shown to be related to multiorgan dysfunction, even when global hemodynamics appear to be optimal. (14) Indeed, increases in cardiac output may be insufficient to correct tissue hypoxemia because microcirculation alterations might persist. Thus, global hemodynamic targets should be integrated with functional microcirculatory goals, as this would optimize both convective and diffusive components in order to maximize oxygen delivery to cells. Microcirculatory responsiveness should be defined as an increase in convective microvascular flow in response to fluid load in addition to a reduction of the heterogeneity of flow, resulting in a more balanced distribution of oxygen to the tissues (Figure 1) . Nevertheless, efforts to increase blood flow by fluid administration could be counterbalanced by a decrease in FCD resulting in a limited oxygen diffusive capacity (Figure 2) . Thus, excessive fluid administration could increase the distance between capillaries, reducing oxygen diffusion to the tissues and finally to the mitochondria.
Orthogonal polarization spectral and sidestream dark field imaging techniques have helped us gain a better understanding of microcirculatory derangements during severe sepsis and septic shock at the bedside. In fact, deeper microvascular alterations, such as a reduced percentage of small perfused vessels (PPV), decreased FCD and increased heterogeneity of flow, have been shown to be related to more severe organ dysfunctions and unfavorable outcomes. (13, 15, 16) Interestingly, reductions in FCD in sepsis are completely explained by decreased PPV, while RBC velocities are similar in both survivors and non-survivors.
(16) These findings suggest that variables that describe the diffusional component of oxygen transport, i.e., FCD and heterogeneity of microvascular blood flow, are more closely related to clinical outcomes than pure convective components, such as RBC velocity.
(16) Remarkably, these derangements are amenable to correction over time and are dissociated from global hemodynamics. Consequently, micro-hemodynamics cannot be predicted by the typical systemic hemodynamic parameters, although more severe microcirculatory alterations coexist with high lactate levels and the requirement of higher doses of vasopressors. In a recent study, Ospina-Tascón et al. (18) explored the effect of fluids on microcirculatory blood flow using the sidestream dark field imaging technique in severe sepsis and septic shock. They found that early, but not late fluid challenge can increase the PPV, with subsequent improvement in FCD and decreased heterogeneity of blood flow. Analogous to macro-hemodynamic fluid responsiveness predictors, the prior status of the microcirculation is strongly related to the response to volume expansion. (18, 19) Indeed, a recent study (20) demonstrated that the effects of fluid load on the microcirculation are dependent on both basal microvascular perfusion and the magnitude of the increase in cardiac output.
Theoretically, direct evaluation of microcirculation at the bedside would be a more physiological-based approach to fluid administration that may predict fluid responsiveness at the microvascular level and avoid unnecessary and unfavorable fluid overload. However, current data regarding the use of devices to evaluate microcirculation at the bedside only support pathophysiological concepts and require confirmation through clinical trials. 
